Background {#Sec1}
==========

Reconstruction plates play an important role in the internal fixation system because they are malleable and can be contoured to fit in nearly every direction to accommodate mismatched appositional surfaces \[[@CR1]--[@CR3]\]. These characteristics accelerate the application of reconstruction plates in clavicular fractures and scapular and pelvic fixations. However, implant failures, such as plastic deformation or breaking, have been reported. Subsequently, the strength of reconstruction plates for fixation has been questioned \[[@CR4], [@CR5]\]. A most common reason for fixation failure may be a result of the repeated twisting during operation in order to match the bone surfaces.

In manufacturing techniques, the traditional reconstruction plates fabricated by a reduction of material manufacturing have some disadvantages. First, the computer numerical control (CNC) technique wastes material as it discards raw material during the fabrication process. Second, the products are not suited for every patient. In contrast, additive manufacturing (AM) using direct metal laser sintering (DMLS) methods have been successfully applied to fabricate implants, which may solve the above problems. DMLS, a form of rapid prototyping (RP) technique, rapidly manufactures various complex objects layer by layer based on a computer-aided design (CAD) model. A high-power laser beam is used for DMLS procedures, which makes the production process much faster because of the metal powder that leads to a light reflex during sintering. And high-quality implants or prostheses are fully constructed using melted metal powders to ensure that the products are completely void-free. Furthermore, DMLS has been attracting great attention because it provides accurate control over internal pore architectures or complex shapes. Additionally, a full DMLS process occurs in an ultra-high-vacuum environment that may prevent defects caused by oxidation and DMLS has the advantage of fabricating components with a much lower residual stress which strongly influence fatigue life \[[@CR6], [@CR7]\]. Such characteristics allow for the manufacturing of advantageous tailored implants.

According to previous studies, Ti-6Al-4V is widely applied in the biomedical field because it is known to exhibit both a compression strength and elastic modulus similar to that of the human bone \[[@CR8]\]. This significantly reduces the difference between natural bone and the implant, alleviating premature failure caused by the stress-shielding phenomenon. Harrysson et al. \[[@CR9]\] described a new method for creating tailored hip stems with bone ingrowth surfaces from biocompatible Ti-6Al-4V using the RP technique. Jardini et al. \[[@CR10]\] reported that DMLS-manufactured components were successfully applied to design and fabricate a biomodel and then were customized for the surgical reconstruction of a large cranial defect using Ti-6Al-4V powders. However, DMLS-printed implants for individuals require superior mechanical performance. In fact, studies on the mechanical and material properties of the DMLS products are limited. The purpose of this study was to examine the mechanical behavior of two different bone plates. We hypothesized that the DMLS and CNC plates, suffering surface post-treatment, possessed differences in various mechanical tests and sought to quantify those differences. Based on the results, we can evaluate their clinical applicability and may generate a new way to manufacture a next-generation implant to improve the fixed effect of bone fractures.

Methods {#Sec2}
=======

Fabrication of DMLS and CNC plates {#Sec3}
----------------------------------

We selected an eight-hole 3.5-mm reconstruction plate (length 96 mm, width 10.6 mm, thickness 3 mm) to be the object of this study. On one side, we fabricated 17 plates by the CNC technique based on a three-dimensional CAD model. The bulk material was a Ti-6Al-4V bar. On the other side, we designed a new model by expanding 1 mm in order to facilitate subsequent post-treatments and be consistent with the size of the DMLS group. Then, we input it into a three-dimensional (3D) printed system (EOSINT M290, Germany) to print the other 17 plates. The material of all plates was Ti-6Al-4V powder (Arcam AB, Sweden). Then, we measured the surface roughness by a contour roughness meter (MarSurf SD 26, Germany). Afterwards, the same surface post-processing, mainly including polishing, was applied to every plate. As a result, we fabricated 17 DMLS and 17 CNC plates undergoing the same post-treatment for comparison.

Basic material property test {#Sec4}
----------------------------

After post-processing, we measured and recorded the length, width, thickness, and hole diameter of each plate. Thereafter, surface roughness measurements, using scanning electron microscope observation via low- and high-power microscopic views, were conducted. Moreover, to determine the plate components manufactured by two different techniques, we randomly chose three plates from each group to conduct gas component analysis (LECO ONH836, USA), metal element analysis (FMP, UK), and hardness test (DHV-1000, Shanghai, China).

Mechanical analysis {#Sec5}
-------------------

### Monotonic four-point bending test {#Sec6}

Five plates from each group were subjected to the monotonic four-point bending test by a microcomputer control electronic universal test (MTS system, SANS, USA) to determine bending strength and stiffness. The loading and support rollers were positioned as described by ISO 9585 \[[@CR11]\] (Fig. [1](#Fig1){ref-type="fig"}a). The plate was positioned in the four-point bending fixture with the bone interface of the plate in contact with the loading roller shaft surface. The distance between the loading rollers (k) was 13 mm and that between the support rollers (2*h* + *k*) was 26 mm. Each plate was positioned medially.Fig. 1Positions of tested plates and rollers in the bending test (**a**) and torsion test (**b**)

In the single cycle four-point bending test, a displacement-controlled test was used at 0.1 mm/s until 5 mm displacement was reached; the displacement and load data from sensors were used to establish the bending stiffness of each bone plate defined by the ISO 9585 standard as the maximum slope of the linear elastic portion of the load versus load-point displacement curve (N/mm). The bending moment-deflection curves were generated using Microsoft Excel (Microsoft Corporation; Redmond, WA, USA). A line that represents the slope for bending stiffness was offset by 0.56 mm (*q* = 0.02(2*h* + *k*)). The point where the offset bending stiffness slope intersected the bending moment-deflection curves was the proof load (*P*) reported in kilonewton as described by the ISO standard, and the equivalent bending stiffness (*E*) and bending strength were determined using the expression:$$\documentclass[12pt]{minimal}
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where

*E* (N m^2^) = the equivalent bending stiffness

*k* (mm) = the center span distance

*h* (mm) = the distance between inner and outer rollers

*S* = the slope of the bending moment-deflection curve

*P* (kN) = the proof load

### Monotonic torsion test {#Sec7}

Five plates from each group were subjected to the monotonic torsion test. As shown in Fig. [1](#Fig1){ref-type="fig"}b, the proximal and distal end (12 mm) of each plate was clamped, driven by a material testing machine (ElectroPuls E10000, USA). We fixed the inferior clamp and rotated the upper fixture unidirectionally at a rate of 0.5°/s. The test was terminated when the implant cracked or the angle of rotation reached 160°. Torque versus degree data was recorded by the sensor, and the torque-rotation curves were generated. Three parameters of interest were measured as Eglseder et al. \[[@CR12]\] described: (1) maximum torque, (2) torsional stiffness, and (3) maximum torque within 10° of rotation. Torsional stiffness was calculated as the slope of the torque versus the angular displacement curve between 1 N-m of torque and the subsequent 10° of angular deformation. The maximum torque within 10° was defined as the maximum torque attained between 1 N-m of torque and the subsequent 10° of deformation.

### Cyclic bending fatigue test {#Sec8}

In the dynamic four-point bending test, four DMLS plates and four CNC plates were successively positioned according to the monotonic four-point bending test described above to demonstrate the fatigue property. Dynamic tests were carried out with progressive compressive sinusoidal loading. Loading pattern and loading direction simulated the in vivo loading of the plate placed on the tension side.

According to the ASTM standard and considering a safety factor, the plates are specified to withstand 10^6^ load cycles. Therefore, based on the monotonic bending test and the preliminary test, four loading patterns, 0 to − 600 N, 0 to − 800 N, 0 to − 900 N, and 0 to − 1000 N, at a rate of 5 Hz, were applied to the implants in sequence. Fatigue failure was defined as a visible crack observed in the implant, and the tests were terminated after finishing one million cycles or appearing a crack.

Statistical methods {#Sec9}
-------------------

All the data were collected and analyzed by SPSS Statistics v20 software (IBM, Armonk, NY, USA). Means and standard deviations were calculated for descriptive purposes. The presented box plots represent median and first and third quartiles. The error bars indicate maximum and minimum values. Two-tailed, unpaired Student *t* tests at a level of significance of *a* = 0.05 were used to detect significant differences; these were conducted with two samples from two independent populations. The differences in roughness were examined for significance (*p* \< 0.05) using a paired samples test and a one-sample *t* test. Because fatigue testing was done on a small number of plates for each load pattern, a qualitative comparison of fatigue performance was performed.

Results {#Sec10}
=======

Basic material properties {#Sec11}
-------------------------

"The observed DMLS plate surfaces were relatively rough with an irregular texture compared with CNC plates before polishing. However, as shown in Fig. [2](#Fig2){ref-type="fig"}a, the difference in surface roughness in the two groups was not significant after performing the surface treatment. To compare with target sizes, as presented in Table [1](#Tab1){ref-type="table"}, we found no significant difference (*p* \> 0.05) between groups, implying that the DMLS and CNC manufacture techniques were able to provide adequate accuracy. And the post-treatment plate sizes were no different (*p* \> 0.05). The consequences of metal and gas element analysis (Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}) showed that the proportions of the components of the two groups were similar and were within the scope of standard values (ISO standard). As presented in Fig. [2](#Fig2){ref-type="fig"}b and Table [4](#Tab4){ref-type="table"}, the hardness of the DMLS plates (= 340.3333 HV) is 7.42% (*p* \< 0.01) greater than another (= 316.8333 HV)." Fig. 2**a**, **b** Results of surface roughness and hardness of plates before and after polishing, respectively. \*Indicates statistical significance (*p* \< 0.05). NS indicates that the difference is not significant Table 1Results of size measurementsBefore polishingAfter polishingDMLS plateCNC plateTarget sizeDMLS plate (actual size)CNC plate (actual size)Target sizeActual sizeTarget sizeActual sizeLength96.50096.50396.10096.09196.00096.00396.001Width11.10011.07710.70010.69910.60010.59810.601Thickness3.5003.4933.1003.1013.0003.0073.005Hole diameter4.0004.0133.6003.6013.5003.5013.500All data are mean values (*n* = 15). Comparing the target size and polished plate size, we found that none of the differences between groups were significant (*p* \> 0.05), implying that the DMLS manufacturing technique is able to provide adequate accuracy for bone plates used in clinical applications Table 2Results of metal element analysisTiAlVCrCuFeMnMoDMLS plate89.56676.00333.9733\< 0.00120.02280.17870.00500.0055CNC plate89.66675.82004.0800\< 0.00120.02040.14400.00500.0136NbSnSiZrPdRuCWDMLS plate0.01130.01520.01230.01350.00930.06550.01220.0171CNC plate0.01260.00270.02420.01350.02060.07430.01200.0167All of the components are within the scope of the standard values (%): Al 5.5\~6.75, V 3.5\~4.5, Fe \< 0.3, and C \< 0.08 Table 3Gas elemental analysisO (%)N (%)H (%)DMLS plate0.10030.02190.0028CNC plate0.11560.00700.0033All of the O, N, and H elements are within the scope of the standard values (%): O ≤ 0.20, N ≤ 0.05, and H ≤ 0.015 Table 4Static four-point bending test and monodirectional torsion test outcomesDMLS plateCNC plate*p* value\*Equivalent bending stiffness (N m^2^)1.0431 ± 0.05680.8633 ± 0.08440.004\*Bending strength (N m)14.3743 ± 1.310310.3704 ± 0.83370.000\*Proof load (kN)2.2113 ± 0.20151.5895 ± 0.12570.000\*Torsional stiffness (Nm/°)0.2832 ± 0.02540.2442 ± 0.01150.014Maximum torque within 10°(Nm)2.8916 ± 0.28412.6716 ± 0.34310.302\*Maximum torque (Nm)15.0258 ± 0.789710.9577 ± 0.43150.000\*Hardness (HV)340.3333 ± 5.989316.8333 ± 3.4300.000All data are presented as ^−^ Χ ± SD (*n* = 5)\*Indicates statistical significance (*p* \< 0.05)

Static tests {#Sec12}
------------

"The static four-point bending test and the monodirectional torsion test outcomes are presented in Table [4](#Tab4){ref-type="table"}. Thereafter, the load-deflection diagrams and torque-displacement curves were generated to show the trend and discrepancy (Fig. [3](#Fig3){ref-type="fig"}a, b). Comparing the load displacement curves, differences between the groups became evident. The offset displacement was 0.56 mm according to the ISO standard \[[@CR11]\]; the DMLS plates yielded a variable displacement range of 2.2113 ± 0.2015 kN, and the CNC plates yielded a plate displacement range of 1.5895 ± 0.1257 kN. Both plates did not break under the two test patterns. We observed that the bending and torsional areas of the DMLS plates and CNC plates were between the two load rollers at the roller screw. As shown in Table [4](#Tab4){ref-type="table"}, the equivalent bending stiffness, bending strength, and proof load of DMLS samples in the monotonic bending test were 20.83% (*p* \< 0.05), 38.61% (*p* \< 0.05), and 39.12% (*p* \< 0.05), respectively, and were significantly stronger than those of the CNC samples (Fig. [4](#Fig4){ref-type="fig"}a--c; Table [4](#Tab4){ref-type="table"}). Compared with the CNC plates, the torsional stiffness, maximum torque within 10°, and maximum torque of the DMLS plates during torsion test were 15.97% (*p* \> 0.05), 8.23% (*p* \> 0.05), and 37.13% (*p* \< 0.05) greater, respectively (Fig. [4](#Fig4){ref-type="fig"}d--f; Table [4](#Tab4){ref-type="table"})." Fig. 3**a**, **b** Bone plate bending and torsional properties. The maximum slope (*S*) of the linear elastic portion of the load versus load-point displacement curve is generated to calculate the equivalent bending stiffness (*E*) that might be modified to better reflect the bending and torsional properties. We could intuitively confirm that the bending and torsional performances of the DMLS plates are stronger than those of the CNC plates Fig. 4Box plots demonstrating the mechanical properties: bending strength (**a**), equivalent bending stiffness (**b**), proof load (**c**), torsional stiffness (**d**), maximum torque within 10° (**e**), and maximum torque (**f**). \*Indicates statistical significance (*p* \< 0.05). NS indicates that the difference is not significant

Fatigue test and fractographic analysis {#Sec13}
---------------------------------------

As shown in Table [5](#Tab5){ref-type="table"}, two DMLS plates and one CNC plate failed in the fatigue test. The developed cracks in all the failed plates occurred consistently at the edge of innermost screw hole. Under 0.9 and 1 kN load pattern, CNC plates survived longer than DMLS plates. To understand the underlying fatigue mechanisms, a fractographic analysis was conducted by a scanning electron microscope (SEM). The representative fracture modes of the studied samples were presented in Fig. [5](#Fig5){ref-type="fig"}. Figure [5](#Fig5){ref-type="fig"}a, e shows an entire fracture surface at low magnification. The possible failure origin (indicated by red arrows) can be more clearly seen in Fig. [5](#Fig5){ref-type="fig"}b, f. Figure [5](#Fig5){ref-type="fig"}c, g illustrates fatigue striations that were seen near the failure origin on the fracture surface at a high magnification. Figure [5](#Fig5){ref-type="fig"}d, h represents the final fracture zone. Microvoid dimples, characteristic features of fast fractures in metals, were observed in Fig. [5](#Fig5){ref-type="fig"}d. They are far from the failure origin on the fracture surface; some unsintered powders were observed to disperse inside the dimples from the DMLS samples.Table 5Results of fatigue testLoading patternDMLS plateCNC plate0.6 kN10^6^ cycles10^6^ cycles0.8 kN10^6^ cycles10^6^ cycles0.9 kN32,731 cycles10^6^ cycles1.0 kN33,264 cycles283,714 cyclesFatigue failure was defined as a visible crack observed in the implant; tests were terminated after finishing one million cycles or appearing a crack Fig. 5Fractographic analysis by SEM. **a**--**d** Represent the fracture surface appearance of a DMLS plate from low- to high-power lenses. **e**--**h** Represent a CNC plate

Discussion {#Sec14}
==========

In this study, we investigated the mechanical performance including bending, torsion, and high cyclic fatigue properties of plates that are fabricated by the DMLS and CNC techniques. The results showed that the static mechanical strength of DMLS plates was significantly greater than that of CNC plates. Although the former's fatigue performance was slightly inferior to the latter, the fatigue strength of the DMLS plate met the requirement for clinical application.

Surface properties are a key factor that strongly impact material fatigue behavior. As a kind of AM technology, the DMLS technique manufactures implants by directly laser sintering metal layer by layer, contributing to a much rougher surface compared to that by traditional CNC technique. This is in agreement with previous reports \[[@CR5], [@CR13]\]. Some researchers observed the surface of implants that underwent surface post-treatments possessed a similar micro-roughness and homogeneously distributed nanostructures \[[@CR6], [@CR14]\]. Therefore, in order to enhance the comparability of the two groups, the same polishing method was applied to the plates, and as a result, the roughness values of the two groups showed no significance.

The plate ingredients were derived from titanium alloy powders and bars. Because of the differences in the two manufacturing methods, it is necessary to contrast their compositions. Based on the results, it seems that the influence of two different manufacturing methods on the gas and metal composition are consistent. Additionally, the proportions of components were both within the scope of standard values and were adequate for clinical use requirements.

Mechanical tests were the main criteria in this study. Our study design followed the ISO and ASTM standard test method \[[@CR11]\] for static bending and torsion properties of bone plates. As shown in Fig. [4](#Fig4){ref-type="fig"} and Table [4](#Tab4){ref-type="table"}, the monotonous bending and torsion performances of DMLS plates were significantly stronger than those of CNC plates used clinically. The DMLS curve exhibit a steeper slope both in bending and torsion tests (Fig. [3](#Fig3){ref-type="fig"}a, b). The same curves were reported by Liu PC et al. \[[@CR5]\] and DeTora et al. \[[@CR15]\]. Their bending test results are similar to ours; however, the data of torsion test are not reported. Aluede et al. \[[@CR16]\] and Overturf et al. \[[@CR17]\] examined the bending and torsional stiffness of an eight-hole plate with data differing from ours. We think that the difference may result from the different loading conditions, plate types, and sizes. Additionally, the mean hardness of 3D-printed plates reported by Liu PC et al. \[[@CR5]\] was 341.1 HV10 ± 1.93, which is strongly consistent with ours.

The fatigue property of implants is quite important during the healing period when there is a lack of bony support \[[@CR16]\]. In this study, the conditions for fatigue testing were designed to reflect the conditions during fracture healing that normally occurs in 3 to 4 months postoperatively. The 10^6^ cycle testing limit is based on an estimate of 5000 to 14,000 load cycles per day during the approximate 12 to 16 weeks required for fracture healing \[[@CR16]\]. It was estimated that 0.5 to 1.6 million loading cycles might occur during the time required to achieve bone union \[[@CR18]\]. In most cases where permanent deformation occurred and in all cases where fatigue fracture was observed, failure was encountered at less than one million cycles. Furthermore, the loading level used in this study was higher than in previous studies \[[@CR19]--[@CR21]\]. Therefore, the fatigue performance of the DMLS plate is sufficient for clinical application.

In the bending fatigue test, both tensile and compressive stresses are present in the structure and the fatigue crack growth becomes an important factor influencing the fatigue failure. On the fracture surface, it could be observed that the initiations of the fatigue crack are both at the screw hole adjacent to the loading roller. Manufacturing technique and surface post-treatments can significantly influence implant fatigue life, as has been previously reported \[[@CR22]\].

The fatigue crack has been attributed to nonmetallic inclusion bodies embedded in the surface, perhaps because of processing \[[@CR18]\]. In this case, the fatigue crack is more prone to initiate and propagate from a rough surface or internal defects because of higher local tensile stress by structure bending. Near the failure origin, the fatigue striation tendency was in disorder. That might attribute to the increased number of pores and not fully sintered powders compared to CNC plates. Figure [5](#Fig5){ref-type="fig"}c, g illustrates fatigue striations seen near the failure origin on the fracture surface. They are created as the crack tip advances because of subcritical crack growth during cyclic loading. In addition, microvoid dimples, a characteristic feature of a fast fracture, were evident far from the failure origin on the fracture surface.

Previous studies have investigated fatigue properties of metal alloys fabricated using AM techniques \[[@CR14], [@CR23]\] and put forward some other methods to improve the fatigue life of implants \[[@CR24]--[@CR26]\]. Thus, the 3D-printed plate has significant potential to improve and perform well, although its fatigue behavior still remains flaws.

Our study investigated the primary mechanical and material properties of DMLS and conventional CNC plates. The advantages of the AM technique are obvious. Personalized customization is an important aspect. It can offer a perfect matching in an irregular bony surface and plate, which avoids repeated pre-bending and screw hole deformation. This is quite important to ensure the effect of fixation. In addition, individual anatomic 3D-printed plate can reduce the adverse impact of screws that leads to difficult fixation. Moreover, 3D-printed technique could be used to fabricate complicated porous structure. That may be difficult to finish in the traditional process. The results of our research could offer a mechanical reference to extend its clinical application.

However, this study has some limitations. First, the conclusions are limited because of the small number of samples. Second, the torsional fatigue behavior test of DMLS implants is absent because of the inferior fixture. Moreover, a fracture fixation scenario and the biosecurity and biocompatibility tests should be considered.

Conclusions {#Sec15}
===========

These results indicate that the mechanical performances of the DMLS plate are stronger than those of the CNC plate. And the strength under fatigue tests is sufficient. DMLS implant, as an AM technique, has great potential and may become a better choice for clinical use in the future. However, direct application of these AM instruments in the operating room requires further validation including animal and clinical experiment.

AM

:   Additive manufacturing

CAD

:   Computer-aided design

CNC

:   Computer numerical control

DMLS

:   Direct metal laser sintering

FGM

:   Functionally graded structure

RP

:   Rapid prototyping

Not applicable.

Funding {#FPar1}
=======

This work was funded by the Science and Technology Project of Guangdong Province and the south wisdom valley innovation team plan under Grant No. 2014B090901055, No. 2015B010125005, No. 2016B090917001, and No. 2015CXTD05.

Availability of data and materials {#FPar2}
==================================

The datasets during and/or analyzed during the current study are available from the corresponding author on reasonable request.

PSX conceived and conducted the experiments and prepared the manuscript. HBOY conceived and performed the tests. YPD contributed to sort and analyze the data. YY and JX helped to perform the analysis with constructive discussions. WHH contributed to the conception of the study and approved the final manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

Not applicable.

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
